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Abstract
Motivated by the tremendous trend toward green environment and to reduce the effect of scrap
tires on the environment, this research is an attempt to find a practical and environmentally
sound solution of the problem of scrap tires. A few literatures are available about the effect of
crumb rubber on thermal conductivity (k-value) of mortar. Furthermore, almost there is no
studies have considered the effect of crumb rubber on the thermal properties of gypsum
materials. For this purpose, an experimental program was established to investigate the amount
and size of crumb rubber (rubber obtained from recycling scrap tires) on the thermal properties
of mortar and gypsum. Four levels of sand replaced with crumb rubber 10%, 20%, 30%, and
40% and three sizes of crumb rubber (#30, #10_20 and combination of both sizes) considered to
make twelve rubberized mortar and eight rubberized gypsum specimens. The specimens tested
for thermal conductivity using an apparatus constructed for this purpose. Water absorption and
unit weight of rubberized mortar were tested. It was found that the size and the amount of crumb
rubber had an effect on thermal properties of the specimens investigated. k-value decreased when
amount of rubber increased. Thermal conductivity of rubberized mortar was13 – 28% lower than
the ordinary mortar and rubberized gypsum was18 – 38% lower than the ordinary gypsum. The
water absorption of mortar mixtures contained up to 20% of crumb rubber inclusion was lower
than that of plain mortar. In regard of rubber particle size, courser rubber particles gave higher
reduction in k-value if compared to finer size. The materials investigated in this research can be
used as coating material to improve thermal insulation property of exterior walls.Two equations
to predict k-value of mortar and gypsum consist of crumb rubber were proposed. Finally, finite
element approach to convert amount of rubber used in each mixture to a layer of rubber was used
to develop equations to estimate the k-value of mortar and gypsum containing crumb rubber.
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CHAPTER 1
Introduction
In our world, products are used and then discarded. Even when materials are recycled,
the remaining refuse can create an environmental concern. Especially when the products have
been discarded in open landfills. About 290 million tires were sold in 2011. This was an increase
of 24% from 2009. Roughly 960 million tires were on roads in 2007. The average lifespan of
tires varied between 20,000 to 60,000 miles depending on the quality of the tires. According to
the U.S. Department of Transportation and Federal Highway Administration (FHWA),
Americans typically drive 13,000 miles per year “Avera e Annual Miles,”2011) Simple
calculations would indicate that every 1.5 to 4.5 years, there would be about 960 million tires
need to be discarded, or an average of 300 million tires per year (RMA, 2012).
Modern tires are manufactured to last a long time, withstand harsh environments and
changes in weather conditions. To deal with these conditions, tires are made from rubber, steel
wire and fiber, and other ingredients . However, the end use of tires remains an overwhelming
concern for environmentalists. Recycling scrap tires either by cutting, shredding or breaking
them down into small pieces are both expensive and lengthy processes. For many years, it has
been a common practice to dump scrap tires in empty lands. Rubber Manufacturers Association
(RMA) projected that approximately one tire per person is discarded every year . The U.S.
stockpiled scrap tires have reduced tremendously from one billion scrap tires to 111.5 million
scrap tires (approximately 89%) from 1990 to 2010 (Figure1.1). Apparently, the main reason
behind this substantial reduction is due to the increase of the use of scrap tires in many
applications. This reduction was also caused by states’ le islations and laws that revent
discarding the tires into landfills. In 1985, the first scrap tire regulations was passed. Since then,
most of the states have issued laws and guidelines that are designed to manage and handle scrap
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tires. Although the number of scrap tire piles has reduced, states still need to accommodate the
annual generation of tires and handling what left off in landfills. Municipal authorities are
responsible for controlling tires dumped illegally, and work hand-in-hand with inventors and
investors to find a market and practical solutions for used tires within their respective districts
(RMA, 2012).

Figure 1.1. Number of scrap tires in landfills in the United States (RMA, 2012).
1.1 Scrap Tires Hazards on the Environment and Human Health
Collecting used tires in landfills was the common practice to get rid of waste tires.
Deposing of used tires in empty lots or landfills may seem to be the easiest and least expensive
way to dispose used and scrap tires. However, this approach has been proven to be inefficient
and dangerous with regard to the environment and surrounding communities. At the present
time, roughly 190 million tires still exist in landfills, which pose a danger to humans and the
surrounding environment. The next two sections discuss the hazards and threats associated with
scrap tire piles.
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1.1.1 Health hazardous of scrap tires. Tires occupy a large space of land due to its
shape. Seventy five percent of the tire volume is void, therefore compressing them is not
possible. Studies on tire discarding sites indicate these sites can be ideal environments for
mosquitoes, infestations of insects, snakes and vermin. Scrap tires stored outside can also hold
water. This sluggish water is a perfect breeding habitat for mosquitoes. Mosquitoes are an
effective carrier of diseases and viruses. The West Nile virus that is transmitted by mosquitoes is
usually linked to scrap tire sites located near communities (Health and Environmental Concerns,
2012). Recent researchers postulate that water collected in tire piles increases hatching of
mosquito eggs by almost 100 times “Mosquito control,” 2005). Since mosquitoes and their
larvae rest on the bottom of the piles making them difficult to reach even when sprayed with
pesticides. An immediate solution for this problem is to shred tires before discarding in landfills
or storing scrap tires in enclosed areas.
1.1.2 Fire hazardous of scrap tires. Forty one percent of the tire’s components are
made of rubber (synthetic and natural), while 28% of a tire’s components are made of carbon
black. A passenger car tire weights about 25 pounds. A truck tire can weigh 120 pounds (Table
1.1).
Table 1.1
Composition of Passenger Car and Truck Tires Manufactured in North America (RMA, 2012)
Composition
Natural rubber
Synthetic rubber
Carbon black
Steel
Fiber, fillers, accelerators, antiozonants, etc.
Average weight
New
(lb)
Scrap

Passenger Tire
14%
27%
28%
14-15%
16-17%
25
20

Truck Tire
27%
14%
28%
14-15%
16-17%
120
100
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Tires are designed to tolerate high temperature caused by friction between a tire and a
road. However, once a tire is exposed to fire, it becomes difficult to put that fire out, due to the
tire components and also because 75 % of a tire’s volume is s ace and that provides adequate
oxygen to the fire. Whenever tires catch fire, it is not easy to put that fire out even with a small
quantity of tires. There were some incidents where tire fires continued for a few days to several
months. Tire fires can be devastating to the environment and neighboring communities. In 1983,
a fire took place in a tire storage facility near Winchester, Virginia. This fire continued for
almost 9 months. About 7 million tires were burned causing dense black smoke which resulted
visibility impairment and covered approximately 50 mile area. The fire causes an environmental
damage such as air pollutants such as CO, NO2 , SO2 and oil runoff of 800,000 gallons. A few
examples of small and large tire fires that took place across the country are listed below (Notable
Tire Fires, 2012).


In 1999, a tire fire occurred in Westley, California. The fire lasted for about 30 days, and
it was beyond the capabilities of local and government agencies. The overall cost of
extinguishing the fire was about $3.5 million.



In 1999, a tire fire in Sycamore, Ohio; 5 million tires burned and 2.15 million dollar spent
on extinguishing the fire and cleaning the aftermath.



In 1998, a fire ignited at S.F. Royster Tire Disposal Facility in Tracy, California. The fire
lasted for almost two years and destroyed about 7 million tires “A Brief History of
Scra ,” n. d.)
On top, a tire can produce about two gallons of oil when it is on fire. Tires are water

repellent that leaves fire fighters powerless against large tire fires. In addition, cleanup of tire fire
aftermaths is quite expensive, and the water used to put out the fires usually becomes a way to
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carry oil from burning tires. This water mixed with oil can also be a source of contamination to
ground water and soil.
Aforementioned environmental and health issues have been a driving force toward
finding innovative ways to make use of scrap tires. Furthermore, post-consumer tires are readily
available in large quantities and represent an inexpensive lightweight material. The year 1990
witnessed the introduction of engineering applications using scrap tires in the market place.
Since then, the number of engineering applications based on scrap tires products noticeably
increased. Grounded and shredded tires have been integrated into a variety of applications. By
the end of 1992, there were more than 100 applications use scrap tires in their products. Some of
these applications are described below.
1.2 Applications of Scrap Tires
1.2.1 Tire derived fuel (TDF). TDF is the first and among the fastest growing markets
for scrap tires. Since 1979 TDF has been the dominate marketplace by using scrap tires as a fuel
source. A tire has a heating value of 13,000 to 15,000 BTU/ lb, which is equivalent to the amount
produced by high quality coal. Moreover, it costs less, and it has less fixed carbon which makes
it more burnable in comparison to coal. These facts made it suitable to use scrap tires (whole or
shredded) as an alternative fuel. Power plants, tire manufacturing plants, cement factories
(cement kilns) and pulp and paper plants are the main consumers of TDF. In 2003,
approximately 90 facilities used TDF in lieu of other fuels like coal. Half of these facilities were
cement kilns, 19% pulp and paper mills, 14% power plants, and 17% included facilities like
waste incinerators. Besides the economic benefits of using TDF as alternative of fossil fuel or
coal, there are some environmental paybacks were observed when TDF was used instead of
fossil fuels and coal. TDF produces less nitrogen and sulfur oxides than that produced by coal.
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After the scrap tires have been burned in cement kilns, it is used as one of the cement
components. This eliminates the need for ash disposal. Based on RMA, by the end of 2007, 123
new facilities were permitted to use TDF and that increased the number of facilities that used
TDF as replacement to coal to 179 plants. Table 1.2 illustrates TDF market trends in the U.S. up
to 2007(RMA, 2012).
Table 1.2
TDF Market Trend in United States (in millions of tires)

Cement Kilns
Pulp & Paper
Industrial Boilers
Utility Boilers
Tires –To - Energy
Total

1990
6
13
_
1
4.5
24.5

1992
7
14
6
15
15
57

1994
37
27
10
12
15
101

1996
34
26
16
23
16
115

1998
38
20
15
25
16
114

2001
53
19
11
18
14
115

2003
53
26
17
23.7
10
129.7

2005
58
39
21
27
10
155

2007
66
42
35
26
10
179

1.2.2 Civil engineering applications. The use of scrap tires in civil engineering
applications has increased dramatically since it was first introduced in 1992. Currently shredded
tires have accounted for more than 100 applications. Civil engineering applications consumed
about 12% of rubber generated from scrap tires in 2007. Tire-derived aggregate (TDA) is the
common name of shredded or chipped tires used in civil engineering applications. TDA has been
used as an alternative for lightweight fill materials. Some of these examples of construction
materials include polystyrene insulation blocks, drainage aggregate or even soil. Table 1.3
summarizes the properties of TDA used in engineering applications (RMA, 2012).
The American Society for Testing and Materials (ASTM) in section D6270 – 08 provides
guidance for testing, properties, and construction applications of scrap tires or their products as
replacement of conventional construction materials. They include but not limit to lightweight
aggregate, sand, soil, and other fill materials (ASTM, 2008). As an aggregate, TDA can be used
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as backfills for retaining walls and embankments in its shredded form. Tire chips can be mixed
with soil or used by themselves as a replacement for soil fill behind retaining walls. Because they
are lightweight, this technique reduces the horizontal pressure applied to the wall which reduces
the dimensions of the wall. Thus less expensive walls can be constructed compared to walls with
conventional soil fill. TDA makes it possible to build highway embankments on weak soils
without any need to improve the soil to carry the load of the embankments. Due to its lighter
weight (TDA is 1/3 to 1/2 of soil weight), TDA can replace the conventional soil and that
prevent any excessive settlement or slope instability that would occur if embankment built using
ordinary soil on weak soil site (RMA, 2012).
Table 1.3
Properties of TDA Used in Civil Engineering Applications (RMA,2012)
Property
Size
Weight
Volume
Drainage
Insulation
Lateral Foundation Wall Pressure

Compared to mineral material
2 to 12 inches
1/3 to 1/2 weight of soil
1 cubic yard ≈ 75 tires
10 times better than well graded soil
8 times better than gravel
1/2 that of soil

TDA also can be used in landfill construction for drainage layers in cap closures; leachate
collection systems ; vibration dampening layers where TDA placed beneath the tracks to absorb
the vibrations generated by trains traveling near communities and business centers. TDA has
been long accepted as a substitute to gravels in drainage constructions.
1.2.3 Ground rubber applications. Ground rubber is commonly referred to crumb
rubber. Roughly 17% of scrap tire generated in the U.S. is consumed by the ground rubber
marketplace. The two main sources of ground rubber are scrap tires and tire buffing. Based on
ASTM –D6270, the size of ground rubber range from 425 μm to 2 mm. There are many
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applications for ground rubber as a component of a new product. For example, they can be used
in new tire manufacturing and new rubber products; rubber-modified asphalt; sports surfacing
and playground and molded/extruded products.
Rubber-modified asphalt annually consumes about 12 million tires. Mixing rubber with
asphalt has been proven to be an acceptable construction material for highways. Ground rubber
can be used as a substitute of mineral aggregate or as an asphalt rubber binder. In some states
like Arizona and California, a great deal of asphalt rubber has been used in highway
construction. A one mile paved road with the rubberized asphalt use between 500 to 2000 tires
per lane. There are many preferences that make rubberized asphalt more favorable over
conventional asphalt. These preferences include noise reduction, reduce maintenance cost,
improve skid resistance, and more durable roads. In addition, based on alifornia State’s
experience, rubber- modified asphalt presents an excellent construction material for road repair
in intermediate to long term durations (RMA, 2012).
In recent years, the concept of using crumb rubber as playground cover was developed.
Although it needed a few years, the application was acknowledged and accepted as a practical
approach. Crumb rubber has been adopted as base material in synthetic turf athletic fields. In
2007, about 3000 sports fields in North America have integrated crumb rubber into their
surfacing systems. Some of ground rubber usages are listed in Table.1.4 along side with the
amount of each category (RMA, 2012).
In addition to the applications mentioned in Table 1.4, the effort to expand the scrap tire
market is continuing to reach different engineering purposes. Some studies conducted to examine
the potential of using crumb rubber as a substitute for mineral aggregate (fine or coarse) in
concrete mixtures. Most of the research on concrete mixed with rubber, commonly known
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rubberized concrete or rubcrete, observed degradation in the mechanical properties. These
researchers also noticed an improvement in the sound absorption and thermal resistance.
Presently, some researchers recommend the use of rubberized concrete in architectural
applications, lightweight structural elements, sidewalks, driveways, and crash barriers around
bridges, etc (Eldin & Senouci, 1993; Khatib & Bayomy, 1999; Topçu and Avcular, 1997;
Benazzouk et al., 2008).
Table 1.4
Ground Rubber Markets (in millions of pounds) (RMA,2012)
Category
Automotive
Molded/ Extruded Products
Sport Surfacing
Playground/Mulch/ Animal Bedding
Asphalt
Export
Total

Weight (millions of pounds)
100
400
300
100
100
100
1100

With respect to earlier research studies, this research examined the effect of adding
crumb rubber in concrete and gypsum mixtures on thermal properties. Furthermore, this research
considered the effect of crumb rubber sizes on the thermal properties of the concrete and gypsum
materials. A little research has investigated the effect of crumb rubber on the thermal properties
of concrete. Almost there is no work has been reported on studying the effect of crumb rubber
on the thermal conductivity of gypsum.
1.3 Thesis Objectives
The main purpose of this study was to conduct an experimental investigation on the
effects of crumb rubber amount and size on thermal conductivity of concrete and gypsum
mixtures. The primary objectives of this research are to:
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Investigate the thermal properties of concrete mixed with crumb rubber to replace part of
the fine aggregate.



Determine the optimal amount of crumb rubber that gives the least thermal conductivity,
which directly related to the improvement in thermal resistance of concrete mixtures.



Investigate the effect of the rubber particles size and replacement quantity on the thermal
performance of concrete.



Test the thermal conductivity of gypsum mixed with crumb rubber. Gypsum was mixed
with crumb rubber with various replacement percentages and with different crumb rubber
sizes.



Investigate the effect of crumb rubber size and amount on the thermal conductivity of the
gypsum fill with rubber (Rubberized gypsum).



Derive an equation to predict the thermal conductivity of mortar and gypsum mixtures
mixed with crumb rubber.



Develop a finite element approach to help predict the thermal conductivity of mortar and
gypsum mixtures.

1.4 Thesis Organization
This thesis consists of seven chapters and examines the effect of crumb rubber on thermal
conductivity of concrete and gypsum mixtures. Fine aggregate replaced with crumb rubber by
weight in 10% increments up to 40%. Furthermore, crumb rubber also is mixed with gypsum in
order to investigate the effect of crumb rubber on the thermal performance of gypsum. Chapter
one is an introduction about the waste tire problem and its impact on the environment and human
health. An overview of existing applications of scrap tires is also presented. Chapter two gives a
summary of previous work done on using scrap tires in concrete mixtures and its effect on fresh
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and hardened properties of concrete. Chapter three is an introduction of the heat transfer theory
and heat transfer measurements. Chapter four includes the experimental design, test specification
and testing of research’s materials. Chapter five presents experimental results, analysis and
discussion. Chapter six is a finite element approach to develop an empirical equation to predict
the thermal conductivity of concrete and gypsum materials which includes amount of crumb
rubber. Chapter seven concludes the research with summary, conclusions and some suggestions
for further work.
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CHAPTER 2
Literature Survey
Studies investigates adding crumb rubber to concrete/ cementitious mixtures as
lightweight fill, focus on properties of other material and finding more practical and
environmentally sound usages. Scrap tires can be used as a whole tire, slit tire, shredded tire,
crumb rubber or ground rubber (Raghavan et al., 1998). Investigations conducted on rubberized
concrete sought to learn of rival properties superior to conventional concrete. Several authors
reported on the properties of rubberized concrete. However, the variety of material selected
include properties of rubber with or without steel fiber or other type fibers that may include
sources of rubber (passenger car, lightweight truck, heavy truck tires), types of material replaced
by rubber (cement, fine or coarse aggregate), and the amount of materials substituted by rubber.
Following is an overview of fresh and hardened properties of rubberized concrete reported in the
literature.
2.1 Fresh Properties of Rubberized Concrete
Rubberized concrete has shown more workability and ease of handling, lower density,
and higher air content than conventional concrete.
2.1.1 Workability. Researchers observed that when using the VeBe-test, the size and
shape of rubber added to the mix had an effect on workability (granular rubber /concrete more
workability and fluidity than shredded rubber/concrete) (Eldin & Senouci, 1993; Raghavan,
Huynh & Ferraris, 1998). It was also observed that when the rubber content increased, the
workability of the rubberized concrete increased (Khatib & Bayomy, 1999; Aiello & Leuzzi,
2010; Fattuhi & Clark, 1996).
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2.1.2 Unit weight. Several studies emphasized the relationship between the shape and
size of rubber particles, and the unit weight of rubberized concrete. Clearly, adding rubber into
the concrete mix exhibited a concrete with lower unit weight than conventional concrete. In 1999
Khatib and Bayomy , stated that the unit weight can be as low as 75% versus an ordinary
concrete. several other studies had similar findings (Eldin & Senouci, 1993; Fattuhi & Clark,
1996; Aiello & Leuzzi, 2010). These researchers also su ested that because rubber’s lower
specific gravity than mineral aggregate was the main reason for this reduction. In addition, the
change in the density of rubberized concrete differs depending on the aggregate replaced by the
rubber. Fine aggregate replaced by crumb rubber produced higher density than replacing coarse
aggregate by shredded rubber. Research also showed that the size of the rubber has less impact
on the unit weight of the mixture compared to the amount of rubber (Eldin & Senouci, 1993;
Fattuhi & Clark, 1996; Zheng, Sharon & Yuan, 2008; Siddique & Naik 2004) .
2.1.3 Air content. Air content plays a vital role in the fresh and hardened phases of
concrete. In the fresh phase, air content improves workability, reduces bleeding and segregation,
and cuts down on the amount of fine aggregate needed in concrete mixtures. In the hardened
phase, air content increases durability. Several studies on rubberized concrete reported a
significant increase in air content with an increase in the amount of rubber even without adding
air-entraining admixture to the mixture. This increase in air content may be attributed to the
ability of a rubber particle surface to entrap (catch) air and repel water (Khatib & Bayomy,
1999; Siddique & Naik, 2004; Benazzouk et al., 2007; Richardson, Coventry & Ward, 2012).
2.2 Hardened Properties of Rubberized Concrete
In the hardened phase, the mechanical properties of rubberized concrete have been
significantly investigated and compared to conventional concrete. These properties are
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compressive strength, tensile strength, and flexural strength, modulus of elasticity, water
permeability depth, and water absorption. The following sections summarize these properties of
concrete with rubber fill as reported in the literature.
2.2.1 Compressive strength. The compressive strength property is the most significant
property. Engineers and designers use this common performance measure most to determine the
quality of concrete mixtures. In general, most research on rubberized concrete agreed that
adding rubber to concrete had negative effects on compressive strength concrete when it replaced
either fine or coarse aggregates. Eldin, and Senouci (1993) investigated the effect on the size and
amount of rubber to the compressive strength of that mix. In their study, two mixtures were
prepared with 25 – 100% rubber particles. In the first mixture, coarse aggregate was replaced by
rubber particles with different maximum sizes (38, 25, 19, and 6mm). In the second group, sand
was substituted by crumb rubber that had a maximum size of 1 mm. They found that the strength
of rubberized concrete decreased when the amount of rubber increased for both groups. The
reduction in compressive strength for the first group was up to 85% when 100% coarse aggregate
was replaced with tire chips, which was higher than the second group in which a 65% reduction
was observed when 100% of sand was replaced by crumb rubber. Khatib and Bayomy (1999)
found similar results with some variation in the percentages of a decrease in compressive
strength. Zheng et al. (2008) reported that rubberized concrete had a compressive strength about
54% less than the traditional concrete when 45% aggregate was replaced with crushed rubber. A
smaller decrease (50%) was observed when 45% fine aggregate was replaced with crumb rubber.
This reduction of compressive strength can be attributed to several reasons. (1) The adhesion
between the rubber particles and cement paste is not as strong as other mineral materials because
the hydrophobic nature of a rubber surface. (2) Since rubber is much softer than the aggregate,
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replacing rubber particles with coarse aggregate reduces the carry-load capacity material in the
mix. (3) Rubber particles tend to move upward because they have a lower specific gravity than
mineral materials. This creates a concentration of softer materials, which fail at lower stresses
(Zheng et al., 2008; Ganjian, Khorami & Maghsoudi, 2009).
2.2.2 Tensile strength. Although tensile strength is not significant as compressive
strength, in some cases it can be a decisive design parameter. Some cases require a minimum
tensile strength. For example, applications that require the smaller tensile strength would include
design anchorage for reinforcements and slabs that are subject to shear. Several authors reported
the tensile strength results of rubberized concrete. Eldin and Senouci (1993) observed a 50%
decrease in tensile strength when replacing 100% fine and coarse aggregates with crumb rubber
and chips rubber. Batayneh et al. (2008) reported a 90% reduction in tensile strength when
replacing 100% of sand with crumb rubber. The same observation was made by Ganjian et al.
(2009) Their study showed a decrease in tensile strength of about 60% when replacing coarse
aggregate with 10% of rubber chips by weight. This degradation in tensile strength of rubberized
concrete compared to plain concrete may be due to reasons explained by Eldin, and Senouci
(1993) and Ganjian et al. (2009): (1) The decrease of mineral aggregate caused a reduction of
solid load-carrying materials. (2) Lack of bond between rubber particles and cement paste caused
a faster segregation at low stresses. (3) Finally the concentration at of stress at the weak interface
zones causes the degradation in tensile strength. Unlike normal concrete, rubberized concrete
showed a ductile mode of failure which indicates a higher potential for plastic energy absorption.
2.2.3 Flexural strength. Flexural or bending strength also decreased when the level of
replacement of aggregate with rubber increased. This also attributed to the weakness of the
interface area between the rubber particle surface and cement paste, which is easily recognizable
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by examining, samples that failed, and by the ease of removing the rubber chips from test
specimens. Ganjian et al. (2009) reported a 37 % reduction in flexural strength when replacing
10% coarse aggregate with rubber chips. Aules (2011) observed about a 60% drop in flexural
strength of rubberized cement mortar with 30% fine aggregate replaced by crumb rubber.
Another study conducted by Batayneh et al. (2008) tested several batches of concrete in which
fine aggregate was replaced with crumb rubber with a different level of replacements (20-100%).
They found that flexural strength decreased from 3.68MPa to 0.64MPa when plain concrete was
compared to rubberized concrete with 100% of the sand replaced by crumb rubber. Benazzouk,
et al. (2007) explained that this was as due to the break of the bond between the rubber particles
and cement paste. They also observed a higher reduction in flexural strength when increasing the
rubber particles. Nonetheless, the beam made of rubberized concrete showed a higher deflection
than beams made of ordinary concrete (Khatib & Bayomy, 1999; Ganjian et al. 2009)
2.2.4 Toughness. The toughness index denotes the toughness of concrete. A toughness
index can be calculated by finding 80% of the area under stress- strain curve of the greatest stress
divided by the area of stress - strain curve when stress reaches the ultimate value. Khaloo et al.
(2008) studied toughness of plain concrete mixtures and different rubberized concrete mixtures
with 25% to 100% by volume of fine and coarse aggregates replaced by crumb rubber and rubber
chips, respectively. In addition, a combination of crumb and chip replaced fine and coarse
aggregates. They found the toughness indices of rubberized concrete were higher than plain
concrete, and 25% rubber replacement of aggregate by volume was the optimal amount. Any
combination beyond a 25% rubber concentration caused a decrease in toughness, which was due
to the reduction in the mixture strength. This was an indication that rubberized concrete showed
more ductile behavior and deformation than plain concrete. This attributed to the large
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deformation of rubber chips compared to a mineral aggregate. In addition, the failure pattern was
more consistent and steady in rubberized concrete ( Eldin & Senouci, 1993; Fattuhi & Clark,
1996; Siddique &Naik, 2004; Huang et al. 2004) reported similar findings.
2.2.5 Brittleness. Brittle index (BI) is an indication of concrete brittleness. Concrete is
known as brittle material, thus concrete has a high index value. Zheng et al. (2008) conducted a
study on the effect of the amount and size of rubber particles on the BI of rubberized concrete.
They found that rubberized concrete specimens have a BI lower than conventional concrete.
Besides, the BI decreased as the rubber contents increased and rubber chips 4 -15mm showed a
higher reduction in the BI than rubber powder < 2.6 mm did. This decrease in the brittleness
index reflects a more ductile behavior than rubberized concrete. This result was in line with the
conclusions made by Topçu (1997) and Ho et al. (2012).
2.2.6 Impact resistance. Atahan and Yucel (2012) examined the effect of rubber
material on impact resistance of concrete. Six different mixes that contained 0 -100% sand and
coarse aggregates by volume were replaced by crumb rubber. They concluded that the existing
rubber in concrete mixtures improved the impact resistance considerably. The maximum load
impact of mixtures contained 100% rubber was almost 70% lower than the concrete without
rubber.
2.3 Durability Properties of Rubberized Concrete
The durability of concrete can be defined as the ability of concrete to withstand
aggressive environmental conditions or chemical attack for a reasonable time and serviceability
without or with less deterioration. Durable materials are desired not only for design and
construction purposes, but also for environmental reasons such as reducing the impact of repair,
replacement and conserving resources.
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2.3.1 Water permeability depth and water absorption. Permeability is one of the
crucial properties of long–term durability concrete. This property is affected by porosity, the
bond between aggregate and cement paste, and micro-cracks in concrete (Banthia, Biparva, and
Mindess, 2005). A study conducted by Ganjian et al. (2009) compared permeability and water
absorption of rubberized concrete to permeability of conventional concrete. The German
standard DIN 1048-5 was used as the measurement of permeability depth. The researchers tested
three sets of rubberized concrete with 5%, 7.5%, and 10% chipped rubber replacing the coarse
aggregate. They found that when the amount of rubber increased, the permeability of the
concrete increased. The water permeability depth was 2.3, 2.8, and 3.5 cm for 5%, 7.5%, and
10% level of replacement, respectively. The conventional concrete was 1.4 cm. Water absorption
of rubberized concrete was greater than plain concrete. Using rubber as a partial replacement for
coarse aggregate showed an increase in the water absorption of rubberized concrete when the
amount of rubber increased. However, when rubber powder was used as a replacement for sand
or cement, the mixture caused a decrease in the water absorption of rubberized concrete
compared to conventional concrete (Benazzouk et al., 2007; Ganjian et al., 2009).
2.3.2 Freeze and thaw resistant. Richardson et al. (2012) performed extensive research
to determine the optimal amount of crumb rubber to add to the concrete mix and achieve the
maximum freeze-thaw resistance. Three batches of concrete were examined. The first batch was
mixed with unwashed rubber and was designated as batch A. The second batch was mixed with
unwashed rubber and designated as batch B. The third batch (plain concrete) and designated as
batch C. They found that 0.6% concrete weight replaced by crumb rubber gave the best results.
In addition, batch A and batch B had durability factors of 96.4, and 96.9, respectively and were
five times greater than batch C (durability factor 18.85). These results showed that batch A and
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batch B had better freeze-thaw protection than conventional concrete. Eldin and Senouci (1993)
examined the effect of rubber size on freeze-thaw aspect of concrete. They tested four specimens
that contained rubber and one specimen made of ordinary concrete. Three of the four specimens
had 100% coarse aggregate replaced with rubber chips, and one specimen had 100% fine
aggregate replaced with crumb rubber. The researchers found that rubberized concrete performed
well and showed less damage than conventional concrete. In terms of freeze- thaw protection,
rubberized concrete with the addition of rubber chips were superior to rubberized concrete with
the addition of crumb rubber (Topçu & Demir, 2007). Segre and Joekes (2004) stated that
concrete with 10% of sand replaced by rubber showed a promising durability property in terms
of freezing and thawing resistance. However, more research is needed in order to be accepted as
sustainable and suitable for engineering applications.
2.3.3 Sound absorption. A few studies examined noise absorption of concrete modified
with tire rubber. A sound absorption coefficient measures the material's ability to absorb noise. A
material with a high sound absorption coefficient is said to be good sound insulation material.
Sukontasukkul (2009) examined the sound insulation property of concrete mixed with crumb
rubber at different levels of replacement, and different sizes; then compared the results to
conventional concrete. Plain concrete and six different concrete mixtures with 10% and 20% fine
aggregate by weight were substituted for crumb rubber. Three different sizes, namely, #6, #26,
and a combination of #6 and #26. The specimens were exposed to two different ranges of
frequency, low-mid-frequency up to 500Hz, and high-frequency up to 4000 Hz. The plain
concrete and rubberized concrete demonstrated similar sound absorption ability at low
frequencies. However, at a mid-high frequency, rubberized concrete absorbed sound better than
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plain concrete did. Specimens with #26 mixed with #26 and #6 performed slightly better than
specimens with #6 crumb rubber.
2.3.4 Thermal insulation. Crumb rubber has loose bulk density that range between 460
– 470 kg/m3, which is within the ASTM C332 – 09 range for lightweight aggregate (880 – 1040
kg/m3). In addition, crumb rubber has thermal conductivity 5 to 10 times less than mineral
aggregate (Paine, Moroney, & Dhir, 20004). Therefore, a substitute for sand or coarse aggregate
with crumb rubber could be introduced to improve the thermal resistance of concrete. This
would mean a new application of rubberized concrete; for example, as insulation panels or
building envelop.
In general, thermal conductivity of concrete and rubberized concrete, in specific, is a
complex thermal property to measure. Paine, et al. (2004) conducted an extensive study on
thermal resistance of concrete mixed with granulated rubber obtained from used tires. The study
showed that a suitable replacement for sand and coarse aggregate volume was rubber aggregate
content within the range of 10% to 100%. This study also investigated the effect of water
/cement ratio (w/c) within the range of 0.35 – 0.65. Further, three different sizes of rubber
particles were considered, namely, 0.5 -1.5 mm, 2-8 mm, and 5 – 25 mm, designated as G1, G8,
and G20, respectively. The findings can be summarized as follows: (1) the thermal conductivity
of rubberized concrete decreased with the increase of rubber content. Concrete with 100% rubber
material had a thermal conductivity of 0.38 W/ m. K, and that about 70% lower than concrete
with 0% rubber content. (2) The w/c ratio had a pronounced effect on the thermal conductivity of
rubberized concrete. The reduction of the thermal conductivity was higher when the w/c ratio
increased. Thermal conductivity was reduced by 15% at 10% level of rubber replacement for w/c
0.35. In contrast, the reduction was about 25% at the same level of replacement for w/c ratio
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equals to 0.65. (3) The rubber size had a less impact on the thermal conductivity of concrete, the
G1 category had less impact on the thermal conductivity than G8, and G20 did (Paine, et al.,
2004)
Sukontasukkul (2009) studied the feasibility of using crumb rubber to improve thermal
properties of pre-cast concrete. The researcher examined three levels of rubber replacement 10%,
20%, and 30% sand weight and three rubber sizes #6, #26 and a combination of #6 and #26 (#6 +
#26). When 30% sand was replaced by crumb rubber, the results showed the thermal
conductivity of rubberized concrete compared to conventional concrete decreased by 54%, 50%,
and 44% for #6, #26 and #6 + #26, respectively. These results were contradicted by the
preceding study in which rubberized concrete with larger rubber particles had a higher thermal
conductivity than those with smaller rubber particles. In 2009, Sukontasukkul’s study ointed
out that the thermal resistance of concrete increased with the increase of rubber in the mixtures.
Benazzouk et al. (2008) investigated the potential of developing a lightweight construction
material to reduce heat transfer by integrating crumb rubber into cement composite. The
researcher incorporated crumb rubber volumes of 10%, 20%, 30%, 40%, and 50% as cement
replacements to examine its effect on the thermal performance of the composite. The transient
plane source method aided in testing the thermal conductivity of the specimens at dry state. The
thermal conductivity ranged from 0.89 W/ m .K for 10% rubber content to 0.47 W/ m .K for 50%
rubber content. The improvement of thermal resistance was about 60% when composite
containing 50% rubber particles compared to the conventional composite that had a thermal
conductivity of 1.16 W/ m.K. This reduction in the thermal conductivity of the composites
attributed to the lower thermal conductivity of rubber compared to cement, and to the increase of
air-content when the rubber content increased. The findings showed that air-content in
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composites that contain 50% rubber was about 7 times higher than the traditional cement
composite. Air phase in cement composite contributes to its thermal resistivity since the air also
has a low thermal conductivity value, which is about 0.026 W/ m. K (Benazzouk, et al., 2008;
Paine, et al., 2004)
2.3.5 Surface treatment of rubber. It is clear that the lack of the bond between rubber
particles and cement paste is a major disadvantage in rubberized concrete. To overcome this
problem, some researchers suggest that rubber particles be treated prior to using them. To
improve the adhesion between mortar and rubber particles, Eldin, and Senouci (1993) soaked
and wash-shredded rubber with water to wash away any foreign materials that might attach to the
rubber particles and reduce or hinder the chemical and mechanical adhesion between the rubber
aggregate and surrounding matrix. This surface treatment enhanced the compressive strength by
about 15% compared to rubberized concrete that contained rubber aggregates without surface
treatment ( Eldin & Senouci, 1993; Siddique &Naik, 2004).
Various surface treatments were applied such as water and Carbon Tetrachloride (CCl4),
water mixed with a latex admixture, and water with various coupling agents. Rubber aggregates
pre-treated with CCl4 showed a stronger bond to the surrounding mixture than untreated rubber
aggregate did. This improvement represented an increase in compressive strength of
approximately 60% ( Siddique &Naik, 2004).
Another technique used to reduce the impact of the hydrophobic nature of rubber
particles involved the treatment of the rubber surface with a saturated aqueous solution of
sodium hydroxide (NaOH). Rubber particles were immersed in 10% saturated Sodium
hydroxide for 20 minutes. A comparison of treated and untreated rubber revealed the rubber
particles surface- treated with NaOH solution showed a superior adherence to cement paste as
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received rubber particles. This resulted in a slight increase in the surface texture of the rubber
particles, which was due to reducing the impact of the hydrophobic nature of the rubber (Segre &
Joekes, 2000; Albano et al. 2005;Ganjian et al. 2009).
2.4 Some Applications of Rubberized Concrete
Previous studies have concluded that rubberized concrete, despite the degradation of
some mechanical properties, has some attractive features. Rubberized concrete has low density;
therefore, it can be considered as a lightweight construction material. Rubberized concrete also
has better thermal and sound absorption properties. In addition, it has higher impact strength and
toughness. Some suggested applications of rubberized concrete are listed below:
 Thermal insulation material such as non bearing walls, building faced , ground slabs and
lightweight concrete blocks (Fattuhi & Clark, 1996; Paine et al., 2004).
 Low- strength- concrete, architectural applications and lightweight concrete walls due to
its low strength properties (Eldin & Senouci, 1993; Khatib & Bayomy, 1999; Siddique
&Naik, 2004).
 Sidewalks, driveways, and some road applications due to its high impact strength and
skid resistance (Eldin & Senouci, 1993; Segre & jokes, 2000; Sukontasukkul &
Chaikaew, 2006).
 Pavement, bunkers, and crash barriers around bridges and highway barriers due to its
high toughness and impact resistance (Eldin & Senouci,1993; Topçu, 1995; Fattuhi &
Clark, 1996)
 Foundation pads for railway stations and machineries, earthquake shock-wave absorber
due to its higher vibration absorption ( Fattuhi & Clark, 1996; Topçu & Avcular, 1997).
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 Sound barriers such as lightweight concrete blocks and tiles due its higher sound
absorption properties ((Eldin & Senouci, 1993; Fattuhi & Clark, 1996).
Exterior walls are part of the envelope system of the building which includes also (roof,
windows, doors, walls). The main purpose of the building envelope is to separate and protect the
inside environment of the building from the outside environment with respect to weather aspects
such: heat or cold, sunlight, wind, humidity etc, and safety aspects e.g. access or egress. The
effect of the building envelope on heat losses and gains is highly recognized by architects and
engineers ( Landsberg & Stewart, 1980).
The main focus of exterior surface design beside aesthetic aspects is to keep heat losses
and gains as low as possible. This kind of consideration later will reflect on building energy
consumption. Thus, an efficient building envelope and exterior surfaces in term of energy or heat
transfer will keep the inside environment of the building more comfortable and attractive for
residents. To obtain such conditions, building should be thermally stabile in term of energy
consumption consequently this will keep the annual energy demand for heating and cooling to a
minimum (Landsberg & Stewart, 1980; Kossecka & Kosny, 1998).
Walls are important and influential component in the building envelope system, thereby,
a considerable attention should be given to their design and material configuration. Kossecka and
Kosny (1998) concluded that wall material configuration affects the annual thermal performance
of the building and that could reach up to 11% saving in cooling and heating energy in
residential houses in U.S. In this regard, an improvement in the thermal performance of exterior
walls would definitely lead to an improvement of overall thermal performance of the building.
Previous studies have indicated a potential use of rubber modified concrete as a
lightweight construction material for secondary structure elements, building facade and building
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envelope. A few studies have investigated the effect of rubber on the thermal performance of
concrete and gypsum. The purpose of this investigation is to examine the effect of rubber content
and size on thermal performance of concrete and gypsum. The research will investigate the
possibility of using such materials as coating materials that can contribute to improve the
thermal performance of building envelop.
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CHAPTER 3
Introduction To Heat Transfer
To adequately study the feasibility of using rubberized concrete as a lightweight building
material that can be used in the building envelope, it will be necessary to determine the amount
of heat transferred by these materials. The smaller the heat transfer measurement indicates that
this material has good insulation property when compared to the transfer of higher amount of
heat. This chapter provides an introduction to heat transfer, its measurement techniques, and
measurement devices.
3.1 Heat Transfer Theory
Heat transfer by definition is the flow of heat throw matters. When a material is being
heated, the atoms close to the heat source start vibrating, causing the neighboring atoms to
vibrate. The overall result of this phenomenon causes heat to be transferred through that matter.
Heat transfers from a matter at a higher temperature to that at a lower temperature. Heat transfer
through a medium has three modes: conduction, convection and radiation. Heat transfer also is
influenced by material nature and phase, such as solid, liquid and gas ( Mehta & Scarborough,
2009; Battaglia, 2008 )
3.1.1 Conduction. Heat transfer through solid matters and between matters attached to
each other is called conduction. Heat conduction is measured by thermal conductivity also
known as k -value. Thermal conductivity is the time rate of stable state heat flow (W) through a
unit area of 1 m thick of homogeneous material, caused by a unit temperature (1K) difference
across a certain material. k -value measures are represented by W/m. k (Btu /h-ft-F). The k value represents the ability of a material to transfer heat and it is an important indication to
evaluate isolation property of that material. Material with lower k -value reduces the heat transfer
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through that material and increases the insulation property of that material ( Mehta &
Scarborough, 2009; Battaglia, 2008 ).
Heat conduction throu h materials is overned by Fourier’s law, which is based on an
observation made based on ex erimental evidence. Fourier’s law states that heat rate q) is equal
to tem erature radient ∆T /x) through a cross section of an object multiplied by the thermal
conductivity (k) of that material.
................................................................................................. (3.1)
Heat flux is heat rate per unit area
............................................................................................................... (3.2)
Where:
qconduction : heat transfer due to conduction W or J/sec (Btu/hr),
Q: heat flux W/ m2 ( Btu/ hr-ft2),
A: cross section area m2 (ft2),
∆T tem erature difference across material section

or C ( F),

x : material thickness m (ft), and
k : thermal conductivity W/m. k (Btu /h-ft-F).
3.1.2 Convection. Heat transfer through fluids such as gases and liquids is called
convection. Convection occurs due transfer of heat by transport of an object. There are two types
of convection: free or nature convection and forced convection. Free convection occurs when
fluid motion is caused by temperature difference. On the other hand, forced convection occurs as
a result of mechanical actions that cause fluid to move. Unlike conduction, convection does not
have a property that describes heat transfer via convection. Convection is usually treated as fluid

30
flow problems; hence, heat transfer via convection is affected by factors such as, temperature of
the fluid, fluid velocity, type of flow type etc ( Mehta &Scarborough, 2009; Battaglia, 2008 ).
Heat transferred by convection is overned by Newton’s law of coolin , which is written as
follows:
) ........................................................................................... (3.3)
Where:
qconvection : heat rate due to convection W (Btu/hr),
A: cross section area m2 (ft2),
h : heat transfer coefficient W/ m2. K,
T's : the temperature of the solid surface
the tem erature of the movin fluid

or
or

( F), and
( F),

3.1.3 Radiation. The transfer of heat or energy in the form of electromagnetic waves
through space between two objects due to the temperature difference between the two objects is
called radiation. The electromagnetic waves transfer to heat when electromagnetic radiation is
received by an object. The electromagnetic radiation segment may contain different type of rays,
such as ultraviolet, infrared, X-ray and gamma rays. A clear example of radiation is the heat and
light received from the sun ( Mehta &Scarborough, 2009; Battaglia, 2008 ).
Heat transfer in a radiation mode is impacted by texture, color, emissivity and surface
finish. Heat transfer due to radiation is governed by Stefan-Boltzmann’s law, which is written as
follows:
...................................................................................... (3.4)
Where:
qradiation : heat rate due to radiation W (Btu/hr),
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: emissivity of the surface,
: Stefan-Boltzmann constant W/m2 K4,
As : cross section area m2 (ft2),
Ts the tem erature of the surface

or

the tem erature of the surroundin s

F), and
or

F).

3.2 Heat Transfer Measurement Techniques
Heat transfer measurements through materials are varied based on some factors such as
material type, temperature range, thermal properties and the type of heat flow. For steady -state
heat flow condition, the basic concept of measurement is based on establishing a temperature
difference between the two sides of a sample over known thickness and known heat flow through
the sample. This technique is broadly used for evaluating the thermal properties at moderate
temperature for materials with low or average thermal conductivity (Yesilata & Turgut, 2007).
There are some common measurement techniques that employ this concept; these techniques are
briefly described in the following subsctions.
3.2.1 Guarded hot box (GHB). This technique is applicable for testing building
assemblies with relatively large sizes. It is also capable of testing specimens at different
orientations (vertical, horizontal, and different angles). GHB apparatus measures temperature
difference and net heat flow across the test specimen. The test is conducted by placing a
specimen between a hot and cold chambers for a period of time until steady-state condition is
ensured. This technique is applicable for materials with thermal conductance ranges between 0.2
to 5 ( m2 .K/ W). Figure 3.1 shows a schematic of the guarded hot box apparatus (ASTM C 1363,
2011).
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Figure 3.1. Schematic of the guarded hot box apparatus (ASTM C 1363, 2011).
3.2.2 Guarded hot-plate (GHP). The main idea of this technique is to place a flat
specimen between two plates (cold and hot) with a constant temperature and a steady state heat
flux through the test specimens. GHP is capable of measuring thermal properties of a variety of
specimen natures from dense solids to porous materials, and the test can be conducted at a
temperature range between -180 °C to above 600 °C. GHP is suitable for materials with thermal
conductance less than 16 (m2.K/ W) (ASTM C 177,2010). Figure 3.2 shows guarded hot-plate
technique.
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Figure 3.2. A typical guarded hot-plate technique (ASTM C 177, 2010).
3.2.3 Heat-flow meter (HFM). HFM is commonly used because its simplicity and
applicability for a wide range of materials in addition to the relatively short time for each test set.
It is designed to measure thermal conductivity and thermal resistance of flat slab at steady state
heat flow condition. Specimen sizes are varied, but the common size range from 0.25×0.25 m to
0.5×0.5m and thickness up to 25 mm. HFM apparatus has different sets and test configurations
and that based on the number of specimens and number of heat flux sensors, Figure 3.3 shows
HFM apparatus with different number of specimens and heat flux sensors. HFM is applicable for
materials with thermal resistance greater than 0.1 ( m2 .K/ W) with temperature range from –195
°C to 540 °C (ASTM C 518,2010).
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(b)

(a)

(c)

Figure. 3.3. Different test configurations of HFM (a) with one heat flux sensor and two
specimens, (b) with one heat flux sensor and one specimen, and (c) with two heat flux sensors
and one specimen (ASTM C 518,2010).
In order to evaluate the thermal properties of rubberized mortar and gypsum, a specially
made device to measure the thermal conductivity was developed based on the idea of the
aforementioned techniques. A description of the device and the measurement approach are
discussed in the following chapters.
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CHAPTER 4
Experimental Program
4.1 Introduction
The raw materials and test procedures are presented and discussed in this chapter. An
experimental program was developed to investigate the effect of crumb rubber addition on the
thermal properties of some construction materials. Concrete as well as gypsum were mixed with
three sizes of crumb rubber, namely, #10_20, #30 and mixture of both. A thermal conductivity
measurement device to test heat transfer of rubberized concrete and rubberized gypsum was
developed according to the standards.
4.2 Raw Materials
4.2.1 Cement. Portland cement type I was utilized in this study. The specific gravity was
3.15 and the cement met the standard requirements of ASTM C 150 -12.
4.2.2 Fine aggregate. Gradation of fine aggregate used in this study complied with the
ASTM C33 standards. Fine aggregate has a specific gravity of 2.61 and fineness modulus (FM)
of 2.61. FM was within 2.3 – 3.1 specification limits. Fine aggregate was assumed saturated
surface dry (SSD). Table 4.1 shows the gradation of fine aggregate.
Table 4.1
Sieve Analysis of Fine Aggregate
Sieve Size
(mm) (Sieve ID)
9.5 mm ⅜ -in)
4.75 mm (No.4)
2.38mm (No.8)
1.18 mm (No.16)
600μm No.30)
300μm No.50)
150μm No.100)
75μm No.200)

Grading Requirements (ASTM C33 – 11)
Lower limit (%)
Upper limit (%)
100
100
95
100
80
100
50
85
25
60
5
30
0
10
0
3.0

Passing (%)
100.0
100.0
99.96
65.93
48.35
22.73
1.92
0.41
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4.2.3 Crumb rubber. The crumb rubber used in this study was provided by Liberty Tire
Recycling Company. The crumb rubber was derived from used tires. Three sizes of crumb rubber
were used, namely, mesh 30, mesh 10 to 20 and combination of both. Mesh 30 or (#30) was very
fine powder rubber with size ranged 0 - 0.6 mm and mesh 10 to 20 (# 10-20) was coarse rubber
with size ranged from 0.84 mm to 2 mm (Figure 4.1).The specific gravity, density and sieve
analysis of the two crumb rubber sizes and the combination of both sizes (#30 & # 10_20) were
tested at NCAT construction material Lab. The specific gravity and the density are the average of
three readings. The properties of crumb rubber are given in Table 4.2. Crumb rubber #30 and #
10_20 had a consistent gradation and it was close to upper and lower limits of the gradation of
fine aggregate, while the mixed crumb rubber fill between the limits of the fine aggregate
specification as shown in Figure 4.2.
#10_20

# 30

Figure 4.1. Crumb rubber #10_20 and #30 photographs.
Table 4.2
Properties of Crumb Rubber
Property
Specific Gravity
Loose density (kg/m3)
Fineness Modulus

#30
0.51
445
2.42

Crumb Rubber Size
Mix
0.59
436
3.08

#10_20
0.78
421
3.84
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Figure 4.2. Gradation of fine aggregate and crumb rubber.
4.3 Surface Treatment of Crumb Rubber
Crumb rubber was surface treated with 10% concentrated Sodium Hydroxide solution
(NaOH). The rubber was first immersed for 20 min in NaOH solution. Then the rubber was
sieved on sieve No.200 and then washed with clean water and filtered again and dried at ambient
temperature. The NaOH treatment and water wash helped clean the rubber crumb from any
foreign materials that might be attached to the rubber particles.
4.4 Experimental Program
An experimental program was established to investigate the effect of crumb rubber on the
thermal conductivity of gypsum and concrete materials. In mortar mixtures, water to cement
ratio of 0.47 and cement to sand ratio of 1:3 were kept constant throughout the experiment
(Table 4.5). The fine aggregate was replaced by different amounts of crumb rubber. Mixtures
with 10%, 20% , 30% and 40% of fine aggregate was replaced by crumb rubber, while other
materials were kept constant. Two sizes of crumb rubber were used, in addition to a combination
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of both sizes. A total of 13 samples was prepared and tested for unit weight, absorption, and
thermal conductivity.
Table 4.3
Mortar Mix Proportions
Weight (Kg) per m3
Mix ID
PM
10M#10-20
20M#10-20
30M#10-20
40M#10-20
10M#30
20M#30
30M#30
40M#30
10MMix
20MMix
30MMix
40MMix

Rubber
No.10-20
No.30
0.00
0.00
135
0.00
270
0.00
405
0.00
540
0.00
0.00
135
0.00
270
0.00
405
0.00
540
67.5
67.5
135
135
202.5
202.5
270
270

Sand

Cement

Water

w/c ratio

1350
1215
1080
945
810
1215
1080
945
810
1215
1080
945
810

450
450
450
450
450
450
450
450
450
450
450
450
450

211.5
211.5
211.5
211.5
211.5
211.5
211.5
211.5
211.5
211.5
211.5
211.5
211.5

0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47
0.47

In order to investigate the effect of crumb rubber inclusion into gypsum, rubberized
gypsum was developed by partially replacing gypsum with crumb rubber. Gypsum was mixed
with crumb rubber at four levels of replacement 10%, 20% , 30%, and 40%. At each level of
replacement a portion of gypsum was replaced by weight with crumb rubber while water to
gypsum mass ratio of 0.35 was kept constant. A specimen made of conventional gypsum
material and eight specimens of rubberized gypsum were prepared and tested for unit weight and
thermal conductivity tests. Mix ID and description of cement mortar and gypsum materials are
listed in Tables 4.3 and 4.4, respectively.
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Table 4.4
Mix ID and Description of Concrete Materials
No.
1
2
3
4
5
6
7
8
9
10

Mix ID
PM
10M#30
20M#30
30MN#30
40M#30
10M#10_20
20M#10_20
30M#10_20
40M#10_20

11
12
13

10MMix
20MMix
30MMix
40MMix

Description
Plain Mortar.
10% of sand by weight replaced with crumb rubber #30
20% of sand by weight replaced with crumb rubber #30
30% of sand by weight replaced with crumb rubber #30
40% of sand by weight replaced with crumb rubber #30
10% of sand by weight replaced with crumb rubber #10_20
20% of sand by weight replaced with crumb rubber #10_20
30% of sand by weight replaced with crumb rubber #10_20
40% of sand by weight replaced with crumb rubber #10_20
10% of sand by weight replaced with a combination of #30 and #10_20
crumb rubber ( 50% from each).
20% of sand by weight replaced with a combination of #30 and #10_20
crumb rubber ( 50% from each)
30% of sand by weight replaced with a combination of #30 and #10_20
crumb rubber ( 50% from each)
40% of sand by weight replaced with a combination of #30 and #10_20
crumb rubber ( 50% from each)

Table 4.5
Mix ID and Description of Gypsum Materials

1

No.

Mix ID
PG

Plain Gypsum.

Description

2

10G#30

10% of gypsum by weight replaced with crumb rubber #30

3

20G#30

20% of gypsum by weight replaced with crumb rubber #30

4

30G#30

30% of gypsum by weight replaced with crumb rubber #30

5

40G#30

40% of gypsum by weight replaced with crumb rubber #30

6
7
8

10G#10_20
20G#10_20
30G#10_20

10% of gypsum by weight replaced with crumb rubber #10_20
20% of gypsum by weight replaced with crumb rubber #10_20
30% of gypsum by weight replaced with crumb rubber #10_20

9

40G#10_20

40% of gypsum by weight replaced with crumb rubber #10_20
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4.5 Mixing and Preparing Specimens
4.5.1 Preparing rubberized mortar samples. A mixer type Hobart HL 200 (Figure 4.3)
was used to mix the materials. Sand, cement and rubber were placed in the mixer at the same
time. The materials were dry-mixed for 2-3 minutes. After a homogenous distribution of the
materials was observed, water mixed with super-plactizer was added gradually and mixed for
additional 4 minutes.
After confirming that the mix was workable, the mix was poured into the molds. The
molds used were specially made for this test. The molds were squares of 304.8 mm by 304.8 mm
and 25.4 mm depth (12 in. × 12 in. × 1 in.). After placing mortar into the mold, the mold was
vibrated on a vibrating table for 30 – 60 Sec. Then excess mortar was removed and the
specimen’s surface was finished with a steel trowel. The s ecimens were covered with lastic
bags for the first 24 hours to maintain humidity. Afterwards, the specimens were demolded and
placed in the cure tank for 28 days. After 28 days, the specimens were removed from curing tank
and dried in an oven for 24 hours at a tem erature of 21
appearance of mortar specimens before testing them.

Figure 4.3. Hobart mixer.

70 F). Figure 4.4.a shows the
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30%

20%

10%

40%

(a)

40%

30%

10%

20%

(b)

Figure 4.4. Photographs of specimens (a) mortar specimens (b) gypsum specimens.
4.5.2 Preparing rubberized gypsum samples. The gypsum and crumb rubber were dry
mixed for 1-2 minutes, then the water was added in a gypsum mass ratio of 0.35 and mixed for
additional 1 minute. Then the mix was poured into molds with the size of 304.8 mm ×304.8 mm
× 25.4 mm and finished with steel trowel. The specimens were demolded after 24 hours a left at
ambient temperature until the testing day. Figure 4.4.b shows the appearance of mortr specimens
before testing them.
4.6 Test Procedure
4.6.1 Density of rubberized materials. The unit weight of the fresh rubberized mortar
and fresh rubberized gypsum were obtained in accordance with ASTM C642-06.
4.6.2 Absorption of rubberized mortar. The water absorption of the specimens was
tested after 28 days. The specimens were removed from curing tank, and then their surface was
dried using a towel. When saturated surface dry condition was achieved, the specimens were
weighted and recorded. After that specimens were oven dried for 24 hours at a tem erature of
21

70 F) and until they were dried and weighted until constant mass was achieved.
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4.6.3 Thermal conductivity measurement. The apparatuses used to measure the thermal
properties of the materials are usually expensive and the testing time is usually long and
analyzing the results is also time consuming. For this reason, a specially made device was
constructed based hot box apparatus mentioned in the previous chapter.The principle of
measurement is to place the specimen between two boundaries held at constant temperatures.
One side was heated by a heat source and the other side was kept at room temperature.
a) Construction of thermal conductivity measurement device. The box was constructed
from homogeneous materials that have stable thermal properties and have high thermal
resistance and good mechanical properties. The structure of the box was 113 cm height, 40.64
cm width and 40.64 cm deep (44 ½ in. ×16 in. ×16 in.) Figure 4.5. The thickness of the
surrounding chamber was 5.08 cm (2 in.). In order to minimize heat losses to its surroundings ,
the chamber was constructed of extruded polystyrene (XPS) layer placed between two layers of
Maple plywood with a thickness of 0.635 cm ( ¼ in.) each. The three layers were assembled
using a heavy duty construction adhesive. The dimensions of adiabatic box and the specimen are
shown in Figure 4.6.

Figure 4.5. Adiabatic box photographs.
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Figure 4.6. Adiabatic box and specimen dimensions.
To measure the heat flux, the device was equipped with HFP01 heat flux sensors (Figure
4.7). The body of HFP01 was composed of ceramics-plastic and a thermopile embedded in the
plastic ceramic composite (thermopile is a set of connected thermocouples that can measure a
small quantity of heat flux). To collect the data from HFP01, an accurate voltmeter that has
millivolt range was used. HFP01 sensor was calibrated using a guarded hot plate according to
ASTM

177. It has a sensitivity E) of 61.37μV/W/m2 (Hukseflux thermal sensors, 2013). After

the voltage output was collected, the heat flux was calculated based on the following formula:
Q = V / E ........................................................................................................................ (4.1)
Where:
Q : heat flux W/m2 ,
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V : measured voltage, and
E Sensor sensitivity 61.37 μV/W/m2 ).
To measure temperature differences across the specimen, three temperature data loggers
are placed on each side of the specimen. HOBO data logger type H08-007-02 and BoxCar 3.7
Software are used to measure temperature (Figure 4.8). The data logger has two internal
temperature sensors and two external sensors. Further, the data logger is programmable in term
of time increment and the start and end time

Figure 4.7. HFP01 heat flux sensor.

Figure 4.8. HOBO data logger type H08-007-02.
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b) Calibration of the measurement device. The device was calibrated by testing
materials with known thermal conductivity. Four different construction materials were tested for
thermal conductivity. The dimensions of the samples were 30.48 cm× 30.48 cm×2.54 cm (12 in.
× 12 in. × 1 in.). The samples and their description are listed below:


Gypsum board (drywall) with 1.27cm (½ in.) thick.



Oriented strand board (OSB) with 1.27cm (½ in.) thick.



Plywood with 1.27cm (½ in.) thick.



Mortar with 2.54 cm (1 in.) thick.

c) Test setup and procedures. A schematic of thermal conductivity test setup is shown in
Figure 4.9. Following steps followed for each specimen:

Figure 4.9. Schematic of the test set-up.

46


The specimen was mounted and sealed from all sides using a duct tape (Figure 4.10a).



The heat flux sensor was attached to the surface of the specimen with the red side
facing the heat source (Figure 4.10-b). Heat flux was recorded when it reached steady
state.



Three temperature loggers were mounted to each side of the specimen using double
sided tape. The temperature logger was placed in such way that there was a
temperature logger placed across from it on the other side.



The door of the box was tightly closed and sealed using a duct tape to ensure no heat
loss through the edges of the door (Figure 4.11).



When time to start the test came, the heat source was turned on.



To reach the steady state heat flow, The test was run for an hour and a half.



At the end of the test, the data were collected and the thermal conductivity was
calculated usin Fourier’s law Equation 3.2). The heat flux and temperature
difference data can be found in Appendix A and B, respectively.

a

b

Figure 4.10. (a) Specimen mounted and sealed, (b) the heat flux and temperature loggers
attached to the specimen.
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Figure 4.11. The door of the box is sealed with duct tape.
The device was calibrated by testing some materials with known thermal conductivities.
The reference materials data can be found in online sources and engineering handbooks. The
thermal conductivity of reference materials along with experimental results are listed in Table
4.6. All experimental results are average of three reading. A statistical analysis was carried out
to find the best fit line and a relation coefficient. The statistical analysis yielded a R² value of
0.998, which indicated a strong relation between the reference and experimental values (see
Figure 4.12). An equation was derived from the best fit line to modify the experimental values,
this linear relation is expressed by Equation 4.2.

km = 0.964 kexp.+ 0.011 .................................................................................................. (4.2)
Where:

km : modified thermal conductivity value (W/ m K), and
kexp. : experimental thermal conductivity value (W/ m K).
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Table 4.6
Experimental Results versus Reference Values

No.
1
2
3
4

Sample designation
Gypsum board, 1.27cm ( ½ in.) thick.
Oriented strand board, 1.27cm (½ in.) thick.
Plywood with 1.27cm (½ in.) thick.
Mortar, 2.54 cm (1 in.) thick.

[1] http://www.engineeringtoolbox.com

Thermal conductivity (W/ m K)
Reference Values
Experimental
[1][2]
Values
0.17
0.176
0.13
0.1495
0.138
0.1304
0.71
0.696

[2] http://www.bca.gov.sg

Figure 4.12. Relation between experimental and reference thermal conductivity values.
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CHAPTER 5
Experimental Results
The results presented in this chapter include the thermal conductivity of rubberized
mortar and gypsum rubberized materials. The density and absorption of mortar and rubberized
mortar, and the density of gypsum and rubberized gypsum are also discussed. Generally, all
mixtures exhibited lower unit weight compared to the reference mixtures, which indicated that
lightweight construction materials can be obtained by incorporating waste materials (crumb
rubber) into mix ingredients. Further, an improvement of the mixtures’ thermal property was
achieved that can be seen by the decrease in thermal conductivity values of mixtures that
contained crumb rubber.
5.1 Density and Absorption of Concrete Material
As shown in Figure 5.1, the density value of rubberized mortar varied based on the
rubber amount and rubber size. The density decreased when the rubber amount increased.
Rubberized mortar contained powder rubber (#30) had lower unit weight than the rubberized
mortar contained coarser rubber (#10_20). The unit weight decreased from 1996 Kg/m3 for plain
mortar to 1408, 1209 and 1384 which is about 29%, 31%, and 35% with respect to plain mortar
when 40% of the sand was replaced by crumb rubber size #10_20 , mix of #10_20 & #30 and
#30, respectively. The density decreased by about 10% when the percentage of rubber inclusion
increased from 10% to 20% or 30% to 40%, however, the decrease was only 7% when the
amount of rubber increased from 20% to 30%. This trend was observed in all mixtures.
The main reason behind the reduction in the density as explained by Siddique & Naik
(2004) and Ling (2011) is attributed to the increase in air content because of the nature of rubber
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surface which tend to entrap air. The increase in rubber quantity leads to increase in air content
which causes the density to decrease.

Figure 5.1. Density of rubberized mortar.
The density of mixture contained mixed crumb rubber fell in the territory between the
density of mixtures contained #30 and #10_20. Sukontasukkul (2009) had a similar observation.
The reduction in the unit weight is attributed to rubber lower specific gravity than that of fine
aggregate. The variation in the unit weight of mixtures contained different crumb rubber sizes
can be also related to the specific gravity since it was the only variable.
A material’s ability to resist water absor tion is desired ro erty es ecially in areas
exposed to an aggressive environment (Benazzouk et al., 2007). The results obtained in this
research showed an improvement of water absorption resistance with respect to plain mortar. The
water absorption of all mixtures contained up 20% had water absorption values lower than that
of plain mortar( Figure 5.2). The water absorption values of mixtures that contained #10_20 and
mix rubber sizes had water absorption lower than plain mortar. Mixtures that contained 30% or
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more of crumb rubber #30 had water absorption values higher than plain mortar. However, that
same mixture of crumb rubber had water absorption values up 67% higher than that of plain
mortar. Considering the size of rubber particle sizes, the water absorption values of rubberized
mortar that contained crumb rubber size #30 were higher than that of #10_20 and the mix crumb
rubber sizes. The results of the density and water absorption of rubberized mortar are reported in
Table 5.1.

Figure 5.2. Water absorption of rubberized mortar.
The decrease in water absorption is attributed to the decrease in the porosity of the
mixtures and that because of filling the voids by rubber particles and empty pores. In addition,
the nature of rubber which resist water plays an important role in the reduction of water
absorption in the mixtures contained less than 20% of crumb rubber content (Benazzouk et al.,
2007; Ganjian, et al., 2009). However, beyond 20% rubber inclusion the water absorption
increased and that because the high increase in air content which cannot be occupied by rubber
particles.
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Table 5.1
Wet Density, Dry density and Water Absorption of Rubberized Mortar
Mix ID
PM
10M#10-20
20M#10-20
30M#10-20
40M#10-20
10M#30
20M#30
30M#30
40M#30
10MMix
20MMix
30MMix
40MMix

Wet density (kg/m3)
1996
1874
1679
1565
1408
1796
1578
1455
1290
1849
1633
1512
1384

Water absorption (%)
10
6.75
7.5
9.4
11
7.6
9.6
11.5
16.7
7.7
9.1
9.5
11.8

Dry density (kg/m3)
1815
1756
1562
1430
1269
1669
1440
1305
1106
1716
1497
1381
1238

5.2 Density of Gypsum Material
Depending on the amount and the size of crumb rubber, the density of rubberized gypsum
was found to be less than that of plain gypsum (refer to Figure 5.3). The density decreased when
the amount of crumb rubber increased regardless of the size of the rubber particles. When 40%
of gypsum was replaced with crumb rubber #30 and #10_20, the density was decreased by 20%
and 12%, respectively. The decrease in the density was more pronounced in mixtures contained
#30 crumb rubber. For example, the density decreased by 8.5% when mixture contained 20% of
#30 compared to mixture contained 30% of #30, while this decrease was only 3.5% for mixtures
contained #10_20 crumb rubber. This suggests that the finer size of crumb rubber (#30) had a
slightly higher effect on the reduction of the density than the coarser size (#10_20). The
reduction of the density of mixtures contained rubber particles is related to that rubber particles
has specific gravity lower than that of gypsum.
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Figure 5.3. Density of rubberized gypsum.
5.3 Thermal Conductivity Test
Thermal conductivity (k- value) measurement was determined by using a specially
designed device. The k- value was obtained by taking the average of heat flux passing through
the specimen at steady state condition and temperature difference across the speciemn
concurrently. These values were used in the Fourier’s law (equation 3.2) to calculate the kvalues. The results were modified using equation 4.2 which established by comparing the kvalue of known materials by k- values obtained for the same materials using the apparatus used
in this research.
5.3.1 Thermal conductivity of rubberized mortar. The thermal conductivity differed
based on the rubber amount and rubber size. The finding in this study showed that thermal
conductivity deceased when the amount of rubber increased regardless the size of crumb rubber.
k -values of rubberized mortar varied between 0.593 W/ m K to 0.492 W/ m K compared to
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0.682 W/ m K for the plain mortar. This is about 13 to 28% reduction in the thermal conductivity
of plain mortar (Table 5.2).
Depending on the amount of rubber replacement, the decrease in thermal conductivity
varied based on the size of rubber particles. From 10% to 20% rubber addition, thermal
conductivity decreased by 2.5 – 8%. This range reduced to about 2 – 4% when the amount
increased from 20% to 30%. When rubber content increased from 30% to 40%, the reduction in
the thermal conductivity was about 2 – 5%. Among the rubber sizes used in this experiment #30
seems to have more effect on the thermal conductivity of mortar if rubber amount at 40%.
Table 5.2
Thermal Conductivity of Rubberized Mortar
Mixture ID
PM
10M#30
20M#30
30M#30
40M#30
10MMix
20MMix
30MMix
40MMix
10M#10-20
20M#10-20
30M#10-20
40M#10-20

k- value (W/ m K)
0.682
0.593
0.578
0.566
0.538
0.563
0.544
0.523
0.514
0.558
0.514
0.505
0.492

Reduction (%)
0
13.1
15.2
17.0
21.2
17.5
20.2
23.3
24.6
18.2
24.6
26.0
27.8

The decrease in thermal conductivity of mortar contained rubber can be related to two
factors, the increase in air content and low thermal conductivity of rubber compared to the paste.
Air content, previous studies indicated that the rubber present in cementitious mixtures increases
the air content even without adding air-entraining admixture to the mixture. Benazzouk et al.
(2007) reported that air content increased from 2% to 17% when amount of rubber increased
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from 0 to 50%. Air has thermal conductivity of 0.026 W/ m K (Bederina et al., 2007), which
served to im rove the mixture’s thermal insulation ro erty.
The other factor is the thermal conductivity of rubber particles. Rubber thermal
conductivity varied between 0.05 – 0.13 W/m K for rubber particle size range of 1 – 12 mm
(Benazzouk et al. 2001). When rubber particles replace sand that has a higher thermal
conductivity, the overall thermal conductivity of the mixture decreases.
The results also indicated that the size of the rubber crumb used in this experiment had an
effect on the thermal conductivity of the mixtures (Figure 5.4). For instance, at 10% percentage
of rubber, the thermal conductivity decreased by 13.1%, 17.5%, and 18.2% with respect to plain
when mixture of crumb rubber sizes #30, mix, and # 10_20 rubber added respectively.

Figure 5.4. Variation in k-values vs. amount and size of crumb rubber of rubberized mortar.
The coarser size (#10_20) had a higher effect on the thermal conductivity than the mix
and #30 sizes. This can be attributed to the fact that large particles have greater surface than
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smaller particles and because the nature of the rubber surface that tend to entrap air. Therefore,
large rubber particles entrap more air than smaller sizes.
5.3.2 Thermal conductivity of rubberized gypsum. The k- value of rubberized gypsum
reported a similar trend to that of rubberized mortar. The k- value varied depending on the
amount and the size of crumb rubber. The k- value deceased when the amount of rubber
increased. A reduction of 22.1% and 38.4 % was observed when 40% of gypsum was replaced
with crumb rubber #30 and #10_20 with respect to the plain gypsum mixture. The size of crumb
rubber also had an effect on the thermal conductivity of rubberized gypsum. A higher reduction
of k- values were observed when coarser size was incorporated into gypsum mixture (Table 5.3).
Figure 5.5 shows the variation in k- values based on the amount and the size of crumb rubber.

Figure 5.5. Variation in k- values vs. amount and size of crumb rubber of rubberized gypsum.
The thermal onductivty of rubberized gypsum range from 0.187 – 0.248 W/mK and that
about 18 – 38% lower than the control mixture. The thermal conductivity of all rubberized
gypsum mixtures contained #10_20 were lower than that of mixtures comtained #30.
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Table 5.3
Thermal Conductivity of Rubberized Gypsum
Mixture ID
PG
10G#30
20G#30
30G#30
40G#30
10G#10-20
20G#10-20
30G#10-20
40G#10-20

k- value (W/ m K)
0.304
0.248
0.244
0.241
0.237
0.226
0.222
0.214
0.187

Reduction (%)
0
18.4
19.9
20.7
22.1
25.6
27.1
29.6
38.4

For mixtures contained crumb rubber #30, the improvement of the thermal resistance of
the mixtures was about 2% from level of replacemct to the next. For example, the thermal
conductivity of mixture contained 20% was 2% lower thn that of mixture contained 10%. On the
other hand, the reduction in thermal conductivity of mixture contained #10_20 crumb rubber was
more manifest. From 10% to 20% rubber addition, thermal conductivity decreased by 2%. This
was increased to about 4% when the amount of rubber increased from 20% to 30%. Finaly, when
rubber amount increased to 40%, there was about 13% decrease in the thermal conductivity. This
suggests that if the amount of rubber increases, the thermal conductivity decreases and thus
improve the thermal resistance of that mixture.
5.4 Empirical Relationship
As noticed earliar, increasing the rubber amount of rubber in mortar and gypsum
mixtures led to decrease in the thermal conductivity and the density. Thus a relation can be
derived to estimate one property based on the other. For rubberized mortar, Equation 5.1 was
derived to predict the thermal conductivity of rubberized mortar.Values obtained from the
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empirical equation plotted against the experimental values are shown in Figure 5.6. It was
observed that calculated values were close to the experimental values.

............................................................................................................ (5.1)
Where:

k : calculated thermal conductivity (W/ m K), and
: Density of rubberized mortar (kg/m3).

k : Thermal conductivity (W/m.K)
: Density (kg/m3)

Figure 5.6. Experimental k-values vs. k-values obtained from the empirical equation for
rubberized mortar.
The error ranged from 2% to 9% and that found to be an acceptable error range,
especially to give a first prediction of thermal conductivity of mortar contain rubber inclusion.
The experimental values and calculated values along with error percentage are listed in Table5.4.
The variation between the experimental values and values obtained from equation (5.1) because
the equation considers the density of materials without considering the rubber particles size or air
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content. Rubber particles size or air content have a pronounced affect on the thermal insulation
property of the mixtures.
Table 5.4
Experimental versus Theoretical k-values of Rubberized Mortar
Mix ID

10M#10-20
20M#10-20
30M#10-20
40M#10-20
10MMix
20MMix
30MMix
40MMix
10M#30
20M#30
30M#30
40M#30

Thermal conductivity (W/m.K)
Experimental
Calculated from Eq.(5.1)

0.558
0.514
0.505
0.492
0.563
0.544
0.523
0.514
0.593
0.578
0.566
0.538

0.584
0.562
0.547
0.530
0.579
0.554
0.542
0.526
0.574
0.548
0.534
0.513

% Error

5
9
8
8
3
2
4
2
-3
-5
-6
-5

For rubberized gypsum, An equation also was derived to predict the thermal conductivity
of rubberized gypsum. Equation 5.2 was derived based on relation between the thermal
conductivity and density of rubberized gypsum.
............................................................................................................... (5.2)
Where:

k : calculated thermal conductivity (W/ m K), and
: Density of rubberized gypsum (kg/m3).
A comparison between experimental values and corresponding values obtained from
equation 5.2 is displayed in Figure 5.7. The error range between the experimental and theoretical
values as listed in Table 5.5. The range of error varied from 3% to 21%. However, 21% error
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was corresponded to one value, and if this value was discarded the range of error would be
reduced to 3-7%.

k : Thermal conductivity (W/m.K)
𝜌: Density (kg/m3)

Figure 5.7. Experimental k-values vs. k-values obtained from the empirical equation for
rubberized gypsum.
Table 5.5
Experimental versus Theoretical k-values of Rubberized Gypsum
Mix ID

10G#10-20
20G#10-20
30G#10-20
40G#10-20
10G#30
20G#30
30G#30
40G#30

Thermal conductivity (W/m.K)
Experimental
Calculated from Eq.(5.2)

0.226
0.222
0.214
0.187
0.248
0.244
0.241
0.237

0.233
0.230
0.228
0.227
0.232
0.230
0.225
0.222

% Error

-3
-4
-7
-21
7
6
7
6

The variation between the proposed equations (Eq.5.1 and Eq.5.2) and the experimental
values can be attributed to that thermal conductivity of rubberized mortar and gypsum depends
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on other factors than the amount of rubber. Size of rubber particles plays an important role, the
larger rubber particles have more spherical surface compare to smaller size and that helps resist
the heat flow through that material. Other factor is air voids, it was observed from the
microscopy photos (Figure 5.8 and 5.9) that air voids increased with increase of rubber content.
Also, the size of air voids differs based on the size of rubber particles. In mixtures contained
large rubber particle size that was associated with larger air voids compared to mixtures
contained smaller rubber particles.
This increase in the air content was also obseraved by several authers. Benazzouk et
al.(2007) reported that the air content was about 7 times higher in mixtures contained 50% of
cement replaced with rubber compared to the plain composite (mixture contained 0% of rubber).

10%

30%

20%

40%

Figure 5.8. Microscopy photo of mortar mixed with crumb rubber #10_20 at different
replacement levels.
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10%

30
%

20%

40%

Figure 5.9. Microscopy photo of mortar mixed with crumb rubber #30 at different replacement
levels.
This increase in air content may be attributed to the ability of a rubber particle surface to
entrap (catch) air and repel water (Benazzouk et al., 2007; Richardson, Coventry, & Ward,
2012).
In the next chapter, a finite element approach will be considered to model the effect of
crumb rubber on the thermal conductivity of mortar and gypsum materials. The main purpose is
to come up with an equation to correlate density of materials used in this experiment to a
thickness that obtained from the finite element analysis.
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CHAPTER 6
Finite Element Modeling
6.1 Introduction
Finite element formulation is a numerical approach that helps designers and engineers to
test products before manufacturing and constructing them. This helps manufacturer to predict the
response of their products in real situations and make modification on the products without even
constructing them. In engineering applications, finite element analysis is an application of
fundamental laws and boundary conditions to simulate physical situations by mathematical
models. Mathematical equations are derived from the principle and fundamental of a particular
problem (Moaveni, 2011).
In this chapter, finite element modeling using finite element software (ANSYS 10) is
considered to model the effect of crumb rubber on the thermal conductivity of mortar and
gypsum materials. The modeling approach adopted here is basically to convert the random
distribution of the rubber particles into a layer of rubber material (Figure 6.1). Another
assumption should be made here, the interface between the rubber layer and cement paste does
not have an effect on the heat transfer between the two layers. This technique requires
knowledge of the thermal conductivity of rubber and base material.
The main objective of this chapter is to develop a relationship between the modeled
thickness and the density. The thickness obtained from this relation will be used to predict the
thermal conductivity of mortar and gypsum mixed with crumb rubber.
It is important to understand the theory behind simulating thermal problem by ANSYS
10. For this purpose a review of the finite element formulation of thermal problem is presented
herein.

64

Figure 6.1. Schematic of the modeling approach.
6.2 Finite Element Formulation
Rate of heat transfer takes three forms, conduction, convection and radiation. In heat
transfer problems by conduction, the main interest is to determine how temperature and heat flux
can vary from point to point in solid matters. Through this chapter, heat transferred by
conduction is considered Fi ure 6.2). Heat transferred by conduction is overned by Fourier’s
Law:
................................................................................................................... (6.1)
.................................................................................................................. (6.2)
Where:
Qx and Qy : heat fluxes in x and y direction respectively W/ m2 ( Btu/ hr-ft2),
and

: temperature gradients in x any directions respectively, and

k : thermal conductivity W/m. k (Btu /h-ft-F).
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A two dimensional conduction heat transfers without any possibility of radiation and
convection will be considered. In addition, two-dimensional steady state heat transfer is
considered. Applying the principle of the conservation of energy with constant heat flux
boundary condition yields:
+

= 0 ................................................................................................ (6.3)

Figure 6.2. Heat transfer by conduction.
6.2.1 Finite element formulation of two-dimensional rectangular element. The finite
element formulation of two-dimensional rectangular element can be found in many finite
element books. For clarifications, the formulation steps presented here are summarized from
Moaveni (2011). The nodal designations of a rectangular element and temperature distribution
are illustrated in Figure 6.3. In general, an element’s tem erature distribution in term of sha e
functions can be written as follows:

................................................................................................. (6.4)

The shape functions for rectangular element expressed as follows:
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............................................................................................................... (6.5)

Figure 6.3. Rectangular element adopted from (Moaveni, 2011).
Applying Galerkin method to Equation (6.3) yields the residual equations for the following four
nodes:
......................................................................... (6.6)

The four residual equations (Equ.6.6) can be combined in matrix form as follows:
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....................................................................... (6.7)
Where:
Trans ose of sha e function’s matrix.

. ................................................................................................................ (6.8)

Equation 6.7 is separated to three integrals, thus, each integral can be solved individually.
.................................. (6.9)
For simplicity and to generalize the forthcoming derivation for similar physical problems,
Equation 6.9 can be rewritten as follows:
............................... (6.10)
Where:
,

and

are equal to

,

and

respectively.

Considering the first and second parts from Equation 6.10, and manipulating the two partsinto
second-order form and using the chain rule yields:
............................ (6.11)
............................ (6.12)
The first term of Equations 6.11 and 6.12 can be evaluated usin Green’s theorem and can be
rewritten as follows:
=

............................................................. (6.13)
......................................................... (6.14)
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Where:
: Element boundary, and
: Angle to the unit normal.
Equations 6.13 and 6.14 represent the thermal load, which can be written in matrix form for heat
flux boundary conditions as follows:

,

,

and

............. (6.15)

To evaluate the second term of Equations 6.11 and 6.12, we should find the first derivative of
Equations 6.4 and 6.8. The fist derivative of Equations 6.4 and 6.8 with respect to x variable
yields:

...................... (6.16)

........................................................................................... (6.17)

Substituting Equations 6.16 and 6.17 into the second term of Equation 6.11:

................................. (6.18)

Integrating Equation 6.18 yields the conductance matrix in x-direction:
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............................................................................................ (6.19)

Evaluating the second term of Equation 6.12 we can find the conductance matrix in y-direction:

.......................................................................................... (6.20)

Finally, the global matrix can be obtained by assembling elements matrices and solving it to find
the nodal temperature. The general formula of global matrix is:
.............................................................................................................. (6.21)
Where:
: Global conductance matrix,
: Temperature matrix, and
: Thermal load matrix.
6.2.2 Conductance element used by ANSYS. There many conductance elements
included in ANSYS 10. Such as: PLANE35, PLANE77 and PLANE55 these elements are
capable of simulating 2-D thermal conduction mode. The main difference between these
elements is number of nodes associated with each element. PLANE35 is triangular solid element
with 6 nodes; PLANE77 is quadrilateral with 8 nodes and PLANE55 quadrilateral with 4 nodes.
Higher the number of nodes involved more computational time and more matrices need to be
assembled (Moaveni, 2011).PLANE55 was selected because ANSYS 10 version offered by the
school restricted to a number of nodes and elements (Figure 6.4).
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Figure 6.4. Geometry and node locations of PLANE55 element (ANSYS 10, 2010).
6.3 Modeling Assumptions and Procedures
The modeling technique can be summarized as follows:
1. Thermal conductivity of rubber was first assumed based on values provided in the
literature. Thermal conductivity of rubber was found to be varied based on the size of
rubber particles. The maximum size of rubber used in this study was about 2 mm, thus
thermal conductivity assumed 0.05 W/ m K. this value was adopted from Benazzouk et
al. (2001).
2. Temperature difference was assumed to be 5
side set at around 26

), where the tem erature of the warmer

and the other side set at around 21 C.

3. Heat flux through the material contained random distribution was found based on the
thermal conductivity of that material.
4. Modeling the material as two layers: first layer was the matrix or base material and
second layer was the rubber material.
5. For step 4, a random thickness to represent the rubber layer was assigned first and the
thickness of base material was calculated by subtracting the thickness of rubber layer
from the total thickness.
6. After assigning the material properties and applying the thermal load (temperature), the
software was run and the heat flux was found. Heat flux obtained from this step should be
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equal to that obtained from step 3. If that was not achieved, the thickness of rubber layer
changed until that was achieved.
7. The thickness obtained from step 6, would be the equivalent thickness that represent the
amount of rubber used in that mixture.
6.4 Using ANSYS to Apply the Modeling Approach
To best illustrate the approach, is to choose one of the cases and apply the technique. Let
us consider one of mixtures, for example, mortar contained 10% of #30 rubber size has thermal
conductivity of 0.593 (W/ m K). First, the material was modeled as one material (mortar with
random rubber). Second, the material was modeled as two layers material: a layer of rubber and
layer of mortar.
6.4.1 Example of modeling material as one-phase. The geometry of the model is
described in Figure 6.5. The modeling steps long with screenshots from ANSYS were presented
sequentially.

Figure 6.5. Dimensions of the model.


Define element type and materials properties: ANSYS main Menu, Preprocessor,
Element Type, Edit/Delete/Add (see Figure 6.6).
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Figure 6.6. Element type and materials properties defined in ANSYS for one-phase case .


The thermal property of the materials was defined using ANSYS main Menu and from
preprocessor, material properties and material models apply thermal conductivity of
mortar (see Figure 6.7).

Figure 6.7. Thermal property of the materials defined in ANSYS for one-phase case.
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Constructing the model inside the software: ANSYS main Menu, Preprocessor,
Modeling, Create, Area, Rectangular, by two corners (see Figure 6.8). Figure 6.9 is an
illustration of a one-phased material obtained from ANSYS.

Figure 6.8. Model construction inside ANSYS for one-phase case .

Figure 6.9. Example of one-phase material modeled in ANSYS.


To mesh the area, first we must select element sizes or number of elements: ANSYS
main Menu, Preprocessor, Meshing, Size Cntrls, Manualsize, Global, and Size (see
Figure 6.10).

74

Figure 6.10. Selection of element size in ANSYS for one- phase case.


Assigning material property to the model: ANSYS main Menu, Preprocessor, Meshing,
Mesh Attributes, Picked Areas (see Figure 6.11).

Figure 6.11. Assigning material property for one-phase case.


Mesh the area to create elements and nodes: ANSYS main Menu, Preprocessor, Meshing,
Mesh, Areas, Free, Pick All (see Figure 6.12).
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Figure 6.12. One-phase material meshed in ANSYS.


Applying loads: ANSYS main Menu, Preprocessor, Loads, Define Loads, Apply,
Thermal, Temperature, On Lines, Pick line. (see Figure 6.13).

Figure 6.13. Applying loads in ANSYS for one-phase case.


Solving the problem: ANSYS main Menu, Solution, Solve, Current LS.
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The results of the analysis can be obtained from Post processing phase: General Postproc,
Plot Results, Contour Plot, Nodal Solu. The results of this step are presented in Figure
6.14.

a

b

c
Figure 6.14. Output of one-phase material analysis: (a) temperature distribution, (b) thermal flux
component, and (c) heat flux vectors.
The results can be verified by a lyin Fourier’s Law as follows
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6.4.2 Example of modeling material as two- phase. In this case the geometry of the
model consists of two layers. First, layer of rubber has thermal conductivity of 0.05 W/ m K with
variable thickness. Second, layer of paste or base material with thermal conductivity of 0.682 W/
m K and thickness varied from 0 to 2.54 cm. the main goal is to find rubber thickness that allows
116.732 W/m2 passes through the model. This can be achieved by applying trial and error
technique, and following similar manner used in modeling material as one phase.


Define element type and materials properties: ANSYS main Menu, Preprocessor,
Element Type, Edit/Delete/Add (see Figure 6.15).

Figure 6.15. Defining element type and materials properties in ANSYS for two- phase case.


The thermal property of the materials was defined using ANSYS main Menu and from
preprocessor, material properties and material models apply thermal conductivity of
mortar and rubber (see Figure 6.16).
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Figure 6.16. Defining the thermal property of the materials in ANSYS for two-phase case.


Constructing the model inside the software: ANSYS main Menu, Preprocessor,
Modeling, Create, Area, Rectangular, by two corners (see Figure 6.17) ad Figure 6.18
depicts a two-phase material modeled in ANSYS.

Figure 6.17. Construction of the model inside ANSYS for two phase case.
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Figure 6.18. Example of two-phase material modeled in ANSYS.


To mesh the area, first we must select element sizes or number of elements: ANSYS
main Menu, Preprocessor, Meshing, Size Cntrls, Manualsize, Global, and Size. (see
Figure 6.19.

Figure 6.19. Selection of element size for two phase case.
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Since we have two layers, it’s necessary to lue them before roceedin to the next ste
ANSYS main Menu, Preprocessor, Modeling, Operate, Booleans, Glue, and Areas.



Assigning material property to the model: ANSYS main Menu, Preprocessor, Meshing,
Mesh Attributes, Picked Areas. Figures 6.20 and 6.21 depict assigning rubber and mortar
material properties, respectively.

Figure 6.20. Assigning rubber material property.

Figure 6.21. Assigning mortar material property.
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Mesh the area to create elements and nodes: ANSYS main Menu, Preprocessor, Meshing,
Mesh, Areas, Free, Pick All (see Figure 6.22).

Figure 6.22. Two-phase material meshed in ANSYS.


Applying loads: ANSYS main Menu, Preprocessor, Loads, Define Loads, Apply,
Thermal, Temperature, On Lines, Pick line (see Figure 6.22).

Figure 6.23. Applying loads in ANSYS for two- phase case.
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Solving the problem: ANSYS main Menu, Solution, Solve, Current LS.



The results of the analysis can be obtained from Post processing phase: General Postproc,
Plot Results, Contour Plot, Nodal Solu. The results of this step are presented in Figure
6.24.

a

b

c

Figure 6.24. Output of two- phase material analysis: (a) temperature distribution, (b) thermal
flux component, and (c) heat flux vectors.
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The results can be verified by a lyin Fourier’s Law as follows

In mixture contains 10% of #30 crumb rubber, the equivalent thickness to the amount of
rubber to be modeled by ANSYS 10. was found to be 0.3 mm and the mortar phase was equal to
25.1 mm. the following Table 6.1 and Table 6.2 summarize the modeled thickness for all
rubberized mortar and gypsum, respectively.
Table 6.1
Modeled Thickness of Rubberized Mortar
Rubber Thickness (mm)
Heat Flux
Rubber
Mortar
%
(W/m2)
10
0.3
25.1
116.813
20
0.36
25.04
113.855
30
30
0.41
24.99
111.502
40
0.54
24.86
105.983
10
0.423
24.98
110.906
20
0.51
24.89
107.0765
Mix
30
0.61
24.79
102.989
40
0.66
24.74
101.2495
10
0.45
24.95
109.778
20
0.66
24.74
101.2495
10_20
30
0.71
24.69
99.3845
40
0.78
24.62
96.886
*k- value calculated based on Fourier’s Law
Rubber
size

Total
Thickness (mm)
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4

∆T
(K)
5
5
5
5
5
5
5
5
5
5
5
5

*k calculated
(W/m.K)
0.593
0.578
0.566
0.538
0.563
0.544
0.523
0.514
0.558
0.514
0.505
0.492

The thickness of rubber obtained from finite element analysis for mortar materials varied
from 0.3 to 0.775 mm and that correspond to about 1% to 3% of overall thickness. Thermal
conductivity and modeled thickness showed a liner relation as shown in Figure 6.25.
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Figure 6.25. Relation between thermal conductivity of mortar and modeled thickness.
Table 6.2
Modeled Thickness of Rubberized Gypsum
Rubber
size

Rubber
%

Thickness (mm)
Rubber Gypsum

10
1.13
24.27
20
1.22
24.18
30
30
1.3
24.1
40
1.42
23.98
10
1.73
23.67
20
1.85
23.55
10_20
30
2.1
23.3
40
3.14
22.26
*k- value calculated based on Fourier’s Law

Heat Flux
(W/m2)

Total
Thickness (mm)

∆T
(K)

k calculated
(W/m.K)

48.811
48.105
47.494
46.606
44.46
43.681
42.143
36.758

25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4

5
5
5
5
5
5
5
5

0.248
0.244
0.241
0.237
0.226
0.222
0.214
0.187

The thickness of rubber obtained from a finite element analysis for gypsum materials
varied from 1.13 to 3.14 mm and that correspond to about 4% to 12% of overall thickness. The
modeled thickness of gypsum was about 4 times higher than the rubberized mortar. This can be
attributed to the low thermal conductivity of gypsum compared to mortar. Figure 6.26 shows the
relation between thermal conductivity of gypsum and modeled thickness.
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Figure 6.26. Relation between thermal conductivity of gypsum and modeled thickness.
The results from the finite element analysis showed that the thickness of rubber decreases
when thermal conductivity decreases. The thermal conductivity and the density has similar
relation. Therefore, a relation can be derived to link the modeled thickness to the density of
rubberized mortar or rubberized gypsum. This relation help estimate rubber thickness that can be
used to model the two layered materials in the finite element software (ANSYS 10). In addition,
the rubber particle size also has an effect o the modeled thickness, thus it is not possible to come
up with one formula that can be generalized on all mixtures. These relations are listed in Table
6.3 for rubberized mortar and in Table 6.4 for rubberized gypsum.
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Table 6.3
Relation between Modeled Thickness and Density of Rubberized Mortar
Rubber
size

30

Mix

10_20

Rubber
%
10
20
30
40
10
20
30
40
10
20
30
40

Thickness (mm)
Rubber
Mortar
0.3
0.36
0.41
0.536
0.423
0.51
0.61
0.655
0.448
0.655
0.705
0.775

25.1
25.04
24.99
24.864
24.977
24.89
24.79
24.745
24.952
24.745
24.695
24.625

Density
(kg/m3)
1796
1578
1455
1290
1849
1633
1512
1384
1874
1679
1565
1408

Predicted thickness
(mm)
t = 2.2063e-0.001ρ
R² = 0.9697

t = 2.5885e-0.001 ρ
R² = 0.9806
t = 4.2466e-0.001ρ
R² = 0.9062

Table 6.4
Relation between Modeled Thickness and Density of Rubberized Gypsum
Rubber
size

30

10_20

Rubber
%
10
20
30
40
10
20
30
40

Thickness (mm)
Rubber
Gypsum
1.13
1.22
1.3
1.42
1.73
1.85
2.1
3.14

24.27
24.18
24.1
23.98
23.67
23.55
23.3
22.26

Density
(kg/m3)
1287
1255
1148
1081
1326
1262
1217
1191

Predicted thickness
(mm)

t = 4.1184e-0.001ρ
R² = 0.9521
t = 251.39e-0.004ρ
R² = 0.7078
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CHAPTER 7
Conclusions and Future Work
7.1 Summary
This research investigated the effect of crumb rubber inclusion on the thermal
conductivity of two selected construction materials namely, mortar and gypsum. The effect of
the amount and size of the rubber particle on the thermal conductivity of rubberized mortar and
gypsum was measured using a special made device based on the principle of common
measurement techniques. A total of 13 mortar specimens were fabricated and tested for thermal
conductivity, density and absorption. Additionally, nine gypsum specimens were prepared and
tested for thermal conductivity and density.
7.2 Observations and Conclusions


During the preparation of the specimens, it was observed that the amount of air bubbles
was more in the mixtures that contained larger rubber particles.



The workability of rubberized concrete contained coarse crumb rubber size was higher
than that had a fine crumb rubber.



Rubber particles showed more tendencies to float to the top surface of the specimen at
30% and more level of rubber replacement.



Crumb rubber scattered homogeneously when it mixed with gypsum materials compared
to concrete materials.



Size of crumb rubber had a slight effect on the workability of the mix. Gypsum mixtures
included #10_20 showed more workability and ease of handling than mixtures included
#30.
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The workability of rubberized gypsum increased with the increase of amount of rubber
regardless the size of crumb rubber.
7.2.1 Effect of rubber addition on mortar. The effect of rubber inclusion on the

properties of mortar can be summarized as follows:


The density of rubberized mortar reduced by 35% when 40% of fine aggregate replaced
with crumb rubber and that varied based on the amount and size of rubber particles.



The density of mixtures contained finer rubber particles was lower than that mixtures
contained coarser rubber particles. The density of mixtures contained a combination of
rubber particle type #10_20 and #30 was in the region between the densities of each type
individually.



Water absorption of mixtures contained up 20% crumb rubber addition was lower than
that of conventional mixtures. This is an indication that such material can be useful as
exterior plaster in regions that exposed to aggressive environmental conditions.



The size if rubber particles had an effect on the thermal conductivity of rubberized
mortar. Mixtures contained large size rubber particles had a lower thermal conductivity
than that had smaller size of rubber particles for each level of replacement.



The thermal conductivity decreased as the amount of rubber increased. However, to
obtain the optimal amount of rubber the mechanical properties should be considered. This
can be done by finding the amount of rubber that gives mixtures which comply with both
mechanical properties and give higher possible reduction in the thermal conductivity.



Thermal conductivity of rubberized mortar contained 40% of rubber inclusion had a
thermal conductivity of 0.492 W/ m.K and that about 28% reduction of the thermal
conductivity of conventional mortar. This improvement in the thermal insulation of
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rubberized mortar can find a practical application as an exterior coating material that can
contribute to envelop system of buildings.


In masonry wall systems between 4 -10 % of total wall area is covered by joints (Kosny
and Christian, 2001). In term of insulation properties, joints are considered as a weak
component of the masonry walls, thus rubberized mortar can be utilized as joint fill
materials if it satisfied the mechanical properties.



The improvement in the thermal insulation of rubberized mortar makes it possible to use
these materials as exterior or interior plaster.
7.2.2 Effect of rubber addition on gypsum. The effect of rubber inclusion on the

properties of gypsum can be summarized as follows:


The density of rubberized gypsum at 40% rubber inclusion reduced by 20% compared to
the conventional gypsum mixture.



Rubberized gypsum mixtures contained crumb rubber particles #30 had unit weight lower
than mixtures contained crumb rubber particles #10_20 at the same level of replacement.



Thermal conductivity decreased with rubber amount increased regardless the size of the
rubber.



Thermal conductivity of mixtures contained 40% of rubber inclusion was about 38%
lower than conventional mixture when crumb rubber #10_20.while the thermal
conductivity reduced by 22% when crumb rubber #30 was added.



Rubberized gypsum can be used in drywalls since it showed a better thermal insulation
performance than plain gypsum.
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The reduction in the density and the thermal conductivity of rubberized gypsum can be
utilized as lightweight coating material for interior usage to improve the thermal
performance of walls.

7.3 Future work


Investigate the effect of rubber on the mechanical properties of rubberized gypsum.



Investigate the effect of rubberized mortar and rubberized gypsum materials on the
overall energy consumption of buildings.



Investigate the effect of air voids size and air voids ratio on the thermal conductivity of
rubberized mortar and rubberized gypsum.
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Appendix A
Heat Flux Series Graphs

Figure A.1. PG heat flux graph.

Figure A.2. 10G#10_20 heat flux graph.
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Figure A.3. 20G#10_20 heat flux graph.

Figure A.4. 30G#10_20 heat flux graph.
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Figure A.5. 40G#10_20 heat flux graph.

Figure A. 6. 10G#30 heat flux graph.
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Figure A.7. 20G#30 heat flux graph.

Figure A.8. 30G#30 heat flux graph.
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Figure A.9. 40G#30 heat flux graph.

Figure A.10. PM heat flux graph.
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Figure A.11. 10M#30 heat flux graph.

Figure A.12. 20M#30 heat flux graph.
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Figure A.13. 30M#30 heat flux graph.

Figure A.14. 40M#30 heat flux graph.
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Figure A.15. 10M#10_20 heat flux graph.

Figure A.16. 20M#10_20 heat flux graph.
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Figure A.17. 30M#10_20 heat flux graph.

Figure A.18. 40M#10_20 heat flux graph.
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Figure A.19. 10MMix heat flux graph.

Figure A.20. 20MMix heat flux graph.
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Figure A.21. 30MMix heat flux graph.

Figure A.22. 40MMix heat flux graph.
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Appendix B
Temperature Difference Series Graphs

Figure B.1. PG temperature difference graph.

Figure B.2. 10G#10_20 temperature difference graph.
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Figure B.3. 20G#10-20 temperature difference graph.

Figure B.4. 30G#10_20 temperature difference graph.
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Figure B.5. 40G#10_20 temperature difference graph.

Figure B.6. 10G#30 temperature difference graph.
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Figure B.7. 20G#30 temperature difference graph.

Figure B.8. 30G#30 temperature difference graph.
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Figure B.9. 40G#30 temperature difference graph.

Figure B .10. PM temperature difference graph.
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Figure B.11. 10M#10_20 temperature difference graph.

Figure B.12. 20M#10_20 temperature difference graph.
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Figure B.13. 30M#10_20 temperature difference graph.

Figure B.14. 40M#10_20 temperature difference graph.
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Figure B.15. 10MMix temperature difference graph.

Figure B.16. 20MMix temperature difference graph.
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Figure B.17. 30MMix temperature difference graph.

Figure B.18. 40MMix temperature difference graph.
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Figure B.19. 10M#30 temperature difference graph.

Figure B.20. 20M#30 temperature difference graph.

119

Figure B.21. 30M#30 temperature difference graph.

Figure B.22. 40M#30 temperature difference graph.

